In this paper we demonstrate distributed shape sensing based on stimulated Brillouin scattering in a multi-core fiber (MCF). Brillouin optical time-domain analysis with differential pulse-width pairs is implemented to measure the local tangential strain-induced variation of the Brillouin frequency shift along different cores of the fiber. Employing the differential strain measured in multiple off-center cores in the MCF, distributed profiles of both bending angle and fiber curvature are parametrically retrieved. The paper presents the first demonstration of distributed bending sensing, providing the cornerstone to further develop the system into a fully distributed 3D shape sensor.
INTRODUCTION
As one of the most promising distributed optical fiber sensing technique, Brillouin distributed sensing has been mainly dedicated to the measurement of temperature and strain over the last two decades, with intensive efforts made to enhance the system's performance in terms of sensing length and spatial resolution 1 . The technique is mainly implemented in single-mode fibers (SMFs). In recent years, Brillouin distributed sensors employing special fibers, e.g. photonic crystal fibers 2 , polymer optical fibers 3 , few mode fibers 4 , have also been reported. However most of the work in this prior literature has only demonstrated the ability to measure the conventional parameters, i.e. temperature and/or strain.
On the other hand, driven by the increasing transmission capacity demand, space division multiplexing (SDM) technique using multi-core fibers have shown great feasibility and superiority for optical fiber communication. In fact, the unique feature of MCF, containing multiple spatially isolated and independently transmitted channels, also provides a platform for distributed sensing applications. Recently, we reported the observation of the bending-dependence of the Brillouin frequency shift (BFS) in off-center cores in a MCF 5 , revealing that the BFS varies with a linear dependence on the local fiber curvature (the reciprocal of bending radius). This has demonstrated the potential of MCFs for distributed curvature and shape sensing based on conventional Brillouin sensing interrogation techniques.
In this paper, we demonstrate distributed curvature and shape sensing based on Brillouin optical time-domain analysis (BOTDA) measurements in a MCF. In particular, distributed BFS profiles in multiple off-center cores are measured with sub-metric resolution using differential pulse-width pairs (DPP-) BOTDA 6 . The differential strain in the different cores is determined based on the linear dependence of the BFS on the fiber curvature. A parametric calculation is then used to retrieve the local bending angle and curvature along the MCF. The theoretical description and experimental results show how conventional BFS measurements in MCF can be exploited to reconstruct the distributed profile of the fiber shape with high efficiency, noting that no additional process (e.g. inscribing a fiber Bragg grating) is required on the sensing fiber. Results strongly support the approach of using standard Brillouin sensing methods in MCFs to measure new physical quantities, thus establishing a new avenue towards diversified fiber sensing approaches.
WORKING PRINCIPLE
The principle of the here proposed method for distributed shape sensing is based on the linear dependence that the BFS of off-center cores in MCFs shows on the fiber curvature 5 . In particular, when a MCF is bent at a given position, different tangential strains are locally induced in each of the lateral cores, thus leading to different variations of the BFS. For the i-th core, this bending-induced BFS change can be written as:
where Bi   is the variation of BFS of core i,  is the curvature-induced strain response coefficient,
B
 is the initial BFS in a straight fiber section without strain,  i is the locally-induced strain in core i, which is determined by the fiber geometric parameters and bending angle, as  is defined to be the angular offset from the local x-axis to the local fiber bending direction, and i  is the angle from local x-axis to core i, as shown in Fig. 1(a) . Note that the value of  is the same as the one reported in Ref. 5 
 4.883 ), since the same MCF is used here for experiment.
The measurement of BFS in every individual core of the MCF can be used to obtain the local strain that the core experiences, as indicated by Eq. (1). Then, as described in Eq. (2), for a specific core in the MCF, its local strain can be used to determine the local bending radius and bending angle. Actually the differential strain profiles in the different cores provide relevant information to retrieve the bending angle and bending radius of the sensing fiber. For this, an apparent curvature vector î K is defined for each core i. The magnitude of this vector depends on the induced strain and the radial distance between the core and the fiber center, while its direction depends on the angular offset of the core 7 .
Using N cores, the vector sum K of the apparent curvature vectors î K is defined as: The experiment setup shown in Fig. 1(b) has been used to demonstrate distributed shape sensing based on conventional BOTDA, where the differential pulse-width pairs technique has been employed to achieve 20 cm spatial resolution 6 . The ~1 km-long MCF used in our experiment is a seven-core fiber, whose six outer cores are hexagonally arranged, as shown in the inset of Fig. 1(b) . The nominal cladding diameter of the MCF is 150 μm and the core pitch is ~40 μm, respectively. The MCF is connected to the system through fan-in/out spatial Mux/De-Mux couplers at its two ends. To assess the effectiveness of the proposed method, different fiber shape profiles have been patterned close to the far end of the ~1 km-long MCF, as shown in Fig. 2 , including four U-like profiles and three O-like profiles. It should be pointed out that, to provide a known reference of the bending angle for measurements to be compared with, the core's orientation of the patterned MCF has been positioned before measurement using the visual procedure as described in Ref. 5 . The BFS profiles measured along Core 1, Core 2 and Core 3 (see Fig. 1(a) and inset of Fig. 1(b) ) are shown in Fig. 3 , where the U-shape and O-shape regions can be easily identified in Fig. 3(a) and (b) , respectively. Calculations have been conducted by using the acquired BFS profiles in order to retrieve the bending angles and bending radius of the seven patterns. The measured variation of BFS has been first converted into strain using Eq. (1) (5) to calculate the bending angle and curvature has been evaluated and also shown in Fig. 4(a) and 4(b) . Experimental results reveal that the uncertainties are in general quite low, but increase at locations where the bending angle changes very fast. This is believed to be caused by the large levels of torsion and a presumably insufficient spatial resolution to measure fast torsion changes. However, within the fiber sections having a uniform bending angle, for example within the calibrated shape regions, the standard deviation of the calculated bending angle and curvature is very small (less than 4.53 degree). The standard deviation is actually less than 1.63 degree for all three O-shapes; this better accuracy may be due to longer bending lengths used for these 3 O-shapes, which provide more reliable and stable measurements. On the other hand, the comparison between retrieved and set bending radius (shown in Fig. 2(b) ) reveals that the relative error in the radius R is below 8% in all cases. Results demonstrate the high accuracy and good reliability of the method for distributed shape sensing. Figure 4 . Retrieved bending angle for (a) the 4 U-shape region; (b) the 3 O-shape region, and curvature for (c) the 4 U-shape region and (d) the 3 O-shape region. Number "1" to "7" denotes the seven measured shapes.
In conclusion, a thorough experimental investigation on distributed curvature/shape sensing using Brillouin scattering in MCF has been presented and experimentally demonstrated. The measured distributed profiles of curvature and bending angle along the fiber give the basis to extend the technique to perform full 3D shape determination by solving the FrenetSerret formulas 7 . The proposed scheme is much more efficient and simpler compared to the use of fiber Bragg gratings since the sensing fiber does not require any special preparation during or after fabrication; in addition it provides a fully distributed technique, which can provide much longer sensing ranges and no dead zones.
